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INTRODUCTION 

.'t. . *->a: 

The interdisciplinary aspect of the NASA supported materials research 

programs at both University of Washington and Rensselaer Polytechnic Institute 

will take another step forward this summer when the planned exchange of faculty 

members takes place. In this program, Dr.) H. Wiedemeier of Rensselaer's Chemistry 

Department will spend two weeks interacting with faculty members doing research 

under the NASA's supported research program at the University of Washington, and 

Dr. Alan Miller of Washington's School of Mineral Engineering will be in residence 

at Rensselaer. Both schools anticipate a very profitable exchange of ideas from 

this procedure. 

Rensselaer is proceeding with its proposed plan to round out the sophisti- 

cated research equipment available in the Materials Research Center's electron 

optics laboratory. 

pre-amplifier, and the necessary auxiliary equipment will be procured from the 

Materials Analysis Company, Palo Alto, California. This unit will find applications 

in research areas such as Mechanical Properties of Polymers, Structure Effects in 

Crystalline Materials, Stress Corrosion Cracking in Copper-Base Alloys, Dispersion- 

Strengthened Materials, Glass & Non-Metallic Materials and Study of the Effect of 

Hydrostatic Pressure on Self Diffusion Rates on Hexagonal Metals. 

A model 400 s electron microprobe analyzer with x-ray channels, 

Until now, a thin film electron microprobe analyzer has been used in 

combination with an electron microscope for some of these studies. 

enabled the researcher to perform some microprobe analyzer work and studies in 

these areas have been quite fruitful. 

This instrument 

Although this thin film instrument has some 



2. 

3, 

' 3  

., i 

capabilities which are unique, the research in program areas now requires the 

extension of our instrument capabilities in order to explore composition effects 

which can only be determined by means of a conventional electron microprobe 

analyzer. 

During this report period Dr. M.P. Maley arrived on campus to pursue 

research in the general area of Low Temperature Physics which was formerly pur- 

sued by Dr. R.W. Shaw. Dr. Shaw has left the employ of Rensselaer to take a 

position with industry. 

Maley's arrival, Dr. G.L. Salinger had been directing the studies in progress under 

this Low Temperature Physics project. 

During the period between Dr. Shawls departure and Dr. 

This fourteenth Semi-Annual Progress Report will follow the format that 

was used during the previous reports. Each of the four discrete areas of emphasis 

at Rensselaer's Interdisciplinary Materials Research Program; namely, Inorganic 

Non-Metallic Materials, Metallic Solids, Polymers, and Solid State Physics is 

treated in a separate section of this publication. Again, each section contains 

a brief introduction which gives the general nature and the scientific impact of 

the research being conducted. 

technical reports for each project which give some information on the planned 

direction of the research program. 

The introduction is followed by more detailed 
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INORGANIC NON- METALLIC MATERIALS 

The inorganic non-metallic materials program receiving support from the 

National Aeronautics and Space Administration currently involves two professors 

and seven graduate students in the Materials Division, and one professor and four 

graduate students in the Chemistry Department. 

on three areas: 

These areas are extremely broad and complete research coverage is obviously 

impossible. 

tive. The three project directors have all identified some newer or "fore-front" 

aspects of these materials for their research. In general, these involve the 

preparation of new materials or the use of new techniques to prepare known and 

interesting engineering materials. The physical and chemical properties of the 

materials are then measured and attempts made to correlate them with structures. 

The overall objectives are thus (a) to discover new materials which will be of 

ultimate engineering application, and (b)  to understand structure-property relation- 

ships so  as to generate the ability to predict and to improve performance of 

existing materials. 

Present activities are concentrated 

ceramics, high-strength composite materials, and semiconductors. 

The relatively small program at Rensselaer is therefore highly selec- 

A solid material can be crystalline or non-crystalline. The most common 

non-crystalline solids are glasses. Because a glass is a sort of frozen-in liquid 

which has no long-range order in the packing of the atoms or ions, scientific 

understanding is very limited when compared to crystalline solids. 

which basic uEderstanding is needed, for instance, is electrical properties. 

Glasses have always been considered as electrical insulators. Recently, it has 

been discovered that many glasses can be made which have very interesting semi- 

conducting properties. 

One area in 

These are either based on transition metal oxides such as 

iron oxide, or 

their mixtures 

the charcogenides such as selenium and sulphur. The two types and 

form a new group of glassy semiconductors which are being studied. 



A less common class of non-crystalline solids is amorphous films made by 

vapor deposition. They are becoming increasingly important in electronic devices. 

New techniques for the preparation of some amorphous films are being developed and 

the properties of such materials measured. 

High temperature, low-density, and high strength materials such as pyrolytic 

graphite and boron fibers are of particular importance in aerospace applications. 

They are relatively difficult to prepare by conventional methods, developed for 

ordinary refractory materials. The powdered solids usually available are difficult 

to form into intricate shapes by conventional techniques. These materials, however, 

can be easily prepared by reactions in the vapor phase and subsequent condensation 

onto substrates of a desired shape. This important aspect of the preparation of 

such high temperature materials and measurements of their physical properties are 

part of the present program of research. Some of the less common crystalline semi- 

conductors such as manganese selenide are rapidly becoming important in communication 

devices. 

crystals rather than polycrystalline materials. The thermodynamics and kinetics 

of gas phase reactions leading to the formation of single crystals and subsequent 

Better understanding of their properties necessitates a study of single 

measurements of their electrical properties constitute another part of the present 

program. 

Further details of the three projects and relevant professional activities 

are given below. 
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NON- CRYSTALLINE SOLIDS 

Senior Investigator: J.D. Mackenzie, Ph.D. 
Professor of Materials Science 

Research Staff: W. Frey, M.S. 
Graduate Assistant 
J. Lang, M.S. 
Graduate Assistant 
J. Miller, B . S .  
Graduate Assistant 
J. Neely, M.S. 
Graduate Assistant 

The objectives of this work is to correlate structures and certain proper- 

ties of glasses and amorphous films. During this period, research has been 

carried out on: 

a) Hardness of Glass. It is perhaps surprising that no definition of 

hardness of glass exists. Secondly, the process of atom migration 

during a hardness measurement is different between a glass and a 

crystal. We have been making hardness measurements of glasses such 

as fused silica in order to understand what controls the hardness of 

a glass. 

Preparation of New Glasses. 

called oxychalcogenides which is obtained by co-melting a selenide 

such as As Se and an oxide such as CuO has been carried out. These 

form a new family of semiconducting glasses with interesting electrical 

properties. Structural information is being obtained to explain 

properties. 

b) The preparation of a new type of glass 

2 3  

c) Amorphous Films. Two types of amorphous films have been investigated. 

Silicon nitride (Si N ) films are new important insulating materials 

in electronic components. 

preparation of these films and a comparison of their properties with 

oxide films. Magnetic oxides, or ferrites,.are known to exist as 

3 4  

Research has been directed towards the 
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crystalline solids only. 

material of the same chemical composition can be magnetic. Attempts 

have been made to prepare amorphous films of iron nickel ferrite by 

radio-frequency sputtering. A study of their electronic and magnetic 

properties is now in progress. 

It is not known if a non-crystalline 

During this period, J.D. Mackenzie was invited by the North-Holland 

Publishing Company to organize a new international journal, the first one of its 

kind on glass science, and to be its editor. The new journal, entitled "Journal 

of Non-Crystalline Solids," is due to be published this summer. J.D. Mackenzie 

has been appointed as a United States representative on the Executive Committee 

of the International Glass Commission. A booklet, entitled "Glass in Electronics," 

edited by J.D. Mackenzie, was published in January 1968. During this period, J.E. 

Neely received his M.S. degree based partially on research supported by this program. 

PYROLYTIC MATERIALS 

Senior Investigator: R.J. Diefendorf, Ph.D. 
Associate Professor of Metallurgical 

Engineering 

Research Staff : B.L. Butler, M.S. 
Graduate Assistant 
R. Mehalso, M.S. 
Graduate Assistant 
F.J. Buschmann, B.S. 
Graduate Assistant 

During the six months, the major emphasis of our research has been centered 

on two areas: 

1) High Modulus - High Strength Composite Materials 
2) Pyrolytic Materials 

We have limited our work in high-modulus composites to the neglected but 

vital areas of interfacial bonding and static fatigue. While the shear strength 

of boron fiber - epoxy resin interfaces appears to be as high as that of the epoxy 
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resin, graphite fiber - epoxy resin bonds are relatively poor. Since graphite 

fiber promises both better properties and lower cost than boron fiber in the 

future, we have examined the reasons for the poor bond strengths in graphite 

fiber resin composites. All of these reasons can be associated with the nature 

of the graphite fiber exactly at its surface. We have started detailed studies 

on the surfaces of graphite fibers of the United States and United Kingdom origin. 

These studies will determine the crystallite orientation, the topology of the 

surface, and the mode of failure. Hopefully, suitable treatments of the surface 

can be made to improve shear strength. 

In the pyrolytic materials area, we have continued our studies in relating 

the deposition conditions to structure for pyrolytic graphite, and also the forma- 

tion of micro-crystalline transparent ceramics. 

HIGH TEMPERATURE AND SOLID STATE CHEMISTRY 

Senior Investigator: H. Wiedemeier, Ph.D. 
Associate Professor of Chemistry 

Research Staff : W.J. Goyette, B.S. 
Graduate Assistant 
A. Khan, B.S. 
Graduate Assistant 
A.G. Sigai, B.S. 
Graduate Assistant 
H. Sadeek, B.S. 
Graduate Assistant 

The objectives of this work are to determine and to correlate structural 

properties of transition metal chalcogenide and 11-VI systems with thermodynamic, 

kinetic, and electro-optical properties of these materials. During this period, 

progress has been achieved in the following areas: 

1) Transport studies yielded that the rate of transport depends on the 

carrier 

Optimum 

gas concentration under constant temperature gradient conditions. 

limits for the concentration variable have been determined. 
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At very low rates single crystal growth is favored, while at higher 

rates, the bulk of the product is polycrystalline. Studies are under 

way to determine the effect of the type of carrier gas on the habit 

of single crystals. 

Vapor transport techniques were successfully applied to the study of 

solid solution in the MnS-MnSe system. This system shows complete 

solid solution. It was found that the composition of the transported 

product was nearly identical with the composition of the starting 

materials. With respect to the rate of equilibration of the solid 

solution, this method is far superior to the classical annealing 

technique. However, this method seems to be restricted to systems 

with comparable vapor pressures. 

Preliminary reflectance measurements on some MnSe-CdSe poly-crystalline 

materials were employed to deduce the band gap energy for mixed composi- 

tion in the single phase region. 

from optical transmittance measurements on a mixed single crystal of 

the same composition. 

observations. 

Vaporization studies are underway to determine activities of the pure 

components in the MnS-CdS system. 

2) 

3) 

The results were identical with those 

More experiments are required to confirm these 

4 )  

Results for the CdS-rich B single 

phase have been obtained and are used to compute partial molal proper- 

ties of the solid solution. 

All these projects will be continued in the next periad. 

During this period, H. Wiedemeier presented a paper on some of the above 

research at the IUPAC Symposium in Heidelberg, Germany, and was an invited speaker 

at the EUCHEN Conference on High Temperature Chemistry at Semmering, Austria. 
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METALLIC SOLIDS 

The section on "Metallic Solids'' of this Sem--Annua Progress Report 

includes a number of new projects in areas which are of strong current interest 

to metallurgists. One of these areas is the phenomenon of superplasticity, the 

ability of certain alloys to elongate several hundred percent and more when loaded 

uniaxially. 

also finding important practical applications. 

Jackman should add to our understanding of superplasticity. 

This phenomenon is not only of great theoretical interest, but is 

The investigation started by Dr. 

The study of corrosion of composites undertaken by Dr. Greene is another 

new area. Composites consist of fibers of one material in a matrix of another. 

In metallic composites fibers of one of the very strong refractory metals are 

embedded in a matrix of a more ductile metal, metal or alloy. Although much 

experimental and theoretical work has been done on the mechanical properties and 

the oxidation resistance of such composites, their corrosion resistance has not 

yet been systematically investigated. The fact that the composites consist of 

two or more different metals and alloys which are galvanically coupled clearly 

indicates the importance of this study. 

In the last semi-annual report Dr. Judd's work on the thin film microprobe 

was outlined. Although there are unique advantages to this type of instrumentation 

there are also limitations as compared with the regular microprobe for other types 

of solid state analysis work. Many of the investigations in the Interdisciplinary 

Materials Research Center are concerned with phenomena in which macro and micro- 

segregation plays a decisive role. 

probe. It is, therefore, planned to add such an instrument which can be used for 

These phenomena are best studied using a micro- 

massive materials to the group of electron optical apparatuses available in the 

center. 
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DISPERS ION- S TRENGTHENED MATERIALS 

Senior Investigator: 

Research Staff : 

F.V. Lenel, Ph.D. 
Professor of Metallurgical Engineering 

Robert Wyckoff, B.Met.Eng. 
Graduate Assistant 
Mohamed Y. Nazmy, B.S. 
Graduate Assistant 
Kai Chia Wang, B.S. 
Research Fellow 
George Reynolds, B.M.E. 
Research Fellow 

A dispersion of Gallium-Oxide in Silver appears to be a suitable dispersion 

strengthened material for which the influence of different methods of preparing 

the material upon its properties can be studied. The principal emphasis during 

the report period was upon the preparation and the study of the structure of the 

dispersions. One method of preparation is by co-precipitation of silver hydroxide 

and gallium hydroxide with sodium hydroxide, decomposition of the hydroxides to 

silver and gallium oxide powders and consolidation of the powder mixture. The 

steps in this preparation, e.g. washing the precipitate, vacuum sintering vacuum 

hot-pressing and extrusion of the powder mixture must be carefully controlled in 

order to produce a dense stable material. Compacts of this powder metallurgy 

material as well as specimens of an internally oxidized silver-gallium alloy were 

studied by electron microscopy using both the replica and transmission technique. 

A fine dispersion of gallium-oxide in a silver matrix was observed for both mater- 

ials. 

Several test runs determining the stress dependence of the steady state 

creep rate of high purity aluminum have been made. Investigation of the structure 

of the creep samples by transmission electron micrography is under way. 

Studies of the creep properties of aluminum base materials which are 

strengthened both by solid solution strengthening and by dispersion of aluminum 

oxide are planned and efforts to obtain suitable raw material powders are under way. 
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A STUDY OF THE INTERACTION OF DISLOCATIONS WITH DISCRETE SECOND-PHASE PARTICLES 
IN DISPERS ION-STRENGTHENED ALLOYS 

Senior Investigator: G.S. Ansell, Ph.D. 
Professor of Metallurgical Engineering 

Research Staff : D. Passoja, B.S. 
Graduate Assistant 
R. Bradt, B.S. 
Research Fellow (Received Ph.D. Sept. 
1967) 
R. Messler, B.Met.E. 
Research Fellow 
P. Renavikar, B.S., M.S. 
Graduate Assistant 
C. Grove, B.Met.E. 
Research Fellow 
A .  Cohen, B.Met.E. 
Graduate Assistant 
S. Donachie, M.Met.E. 
Graduate Assistant 
R. Olsen, B.Met.E. 
Research Fellow 

The primary objective of this program has been to delineate the effects 

associated with the presence of a distributed second-phase in a crystalline matrix 

by both theoretical considerations and experimental observations. Additionally, 

the program of research has expanded in scope to include other aspects of the role 

of the defect and microstructure of crystalline solids upon both physical and 

mechanical properties. 

During this period, research efforts have centered principally upon 

experimental observations utilizing both replication and thin film transmission 

electron microscopy techniques. The specific areas investigated include: 

A. Precipitation Kinetics 

In studies of the formation of precipitate phases from solid solution, 

interst has generally centered upon the interaction of the solute elements with 

the quench and solute induced defect structure in conjunction with models of 

heterogeneous nucleation. 

apparently consistent with this approach were noted. 

In our studies of the A1-Ag system, several observations 

It has since become evident 
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that rather than simply falling into this classical pattern of defect structure- 
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solute interaction, one could more rationally treat the precipitate formation on 

a much more fundamental basis; i.e., using band theory arguments. A series of 

Al-Ag-X alloys have been made in which the electronic structure of the alloy has 

been changed both by choice and amount of the X element, and by the vacancy 

concentration in the alloys. The aging kinetics of these alloys has been studied 

by means of transmission electron microscopy and these observations then correlated 

with theoretical computations using rigid band models. It appears that it is 

possible to predict on the basis of the rigid band models the sequence of formation 

of defect structure and precipitate phases and their inter-relationships in these 

alloys, and these models should be generally applicable to other alloy systems. 

Papers covering this work are currently being prepared for publication, 

program is now being extended to the area of cellular precipitation kinetics in 

This 

nickel base alloy systems. 

B. Martensite Transformation 

The kinetics of the martensite transformation in the Fe-C system have proved 

elusive. A s  a result of recent work in this laboratory, it is felt that this trans- 

formation may be controlled by the shear strength of austenite. 

an investigation of the kinetics of the martensite transformation as a function of 

austenite strength has been undertaken. 

For this reason 

Several approaches are being used in this study. In the first, the effect 

of solute elements of varying diffusivity in austenite upon the nature of athermal 

stabilization during rapid quenching is being studied. 

such rapid quenching increases dramatically, as much as 200 F, the Ms temperature 

of 52100 steel. 

We have established that 
0 

We now wish to establish the role of the solute elements in steel 

upon this aspect of the transformation kinetics. 

determining the effect of quench rate upon the Ms temperature of the Fe-C-X alloys 

This program has centered about 
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in which the nominal M 

of the X element on carbon diffusivity is quite variable. 

in progress. 

temperature is directly related to the rate of carbon diffusivity in the austenite 

temperatures of these alloys are identical and the effect 
S 

This program is now 

The results to date indicate that the quench rate effect of the Ms 

as predicted by the strengthening model previously proposed. 

The second approach has been to determine the effect of the shear strength of 

An apparatus was constructed so that specimens austenite upon the transformation. 

could be austenitized and then quenched and held just above the M 

formed in tension so as to work-harden the austenite, and then quenched to martensite 

in a magnetic field. 

the M temperature and the flow stress of austenite. 

temperature was, as predicted, directly a function of the shear strength of the 

austenite. A quantitative model was then developed linking the transformation 

temperature, de- 
S 

This provides a quantitative measure of the relationship between 

It was found that the Ms 
S 

temperature to the energy required for the shear transformation. This work is 

now completed, and a paper covering this study is currently being prepared for 

publication. 

The third approach has been to relate the entire transformation kinetics to 

the flow stress characteristics of the austenite. In order to accomplish this, a 

series of oxide dispersion-strengthened Fe-C-Mn alloys have been prepared in which 

the oxide content of the alloy series is varied from 0 to 15 vol.% in order to vary 

the shear characteristics, but not the free energy of the alloys. 

prepared by powder metallurgy techniques. 

martensite transformation kinetics of this alloy series, and to relate these to 

their shear characteristics. This program is currently in progress. 

These alloys were 

The intention is to determine the 

C. Thin Film Microprobe 

A recent development in the instrumentation useful to workers in the field 

of structure-property relationships in crystalline solids has been the combination 
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thin-film x-ray fluorescent microprobe unit and electron microscope. 

instrument provides the means not only for resolving the detailed micro- and 

defect structures of thin foil specimens with the inherent resolution of the 

electron microscope, but also permits the determination of the composition of 

the specimen on a microscale. There are, however, experimental limitations 

which have been inherent in this type of thin foil probe by providing quantita- 

tive rather than qualitative data. These are principally: 1) The specimen area 

is sampled non-uniformly; i.e., the area of view and hence the portion of the 

specimen being analyzed is probed by an electron beam whose intensity varies 

across the field of view. A s  a result, variations in composition analysis result 

from changes in specimen location within the field of view; and 2) Most of the 

electron beam is transmitted through the specimen and does not interact with the 

specimen to produce the x-ray fluorescent output. (This is contrasted with bulk 

probe work where the entire electron beam interacts with the specimen). 

result primarily of these factors, the use of such instrumentation has not been 

as valuable as would otherwise be the case. 

This 

A s  a 

During this program period, studies were initiated to develop experimental 

techniques to obtain data which would permit the quantitative useage of this 

potentially very valuable instrumentation in our experimental program. 

A s  a result of these studies, techniques have been developed which permit the 

determination of: 

fluorescent output as a function of specimen composition and thickness; and 3) the 

application of these methods to permit quantitative chemical analysis of areas 

of foil specimens which are much smaller than the beam diameter; e.g., it is now 

possible to determine the composition of two different submicron precipitate 

phases in a duplex precipitation hardened alloy. 

1) the energy distribution within the electron beam; 2) x-ray 

Papers covering this work are being prepared for publication. It is now 
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planned to utilize these techniques in studies of defect structure induced 

microsegregation in alloys. 

D. Domain Boundaries in Ferroelectrics 

The nature of domain boundary interactions in ferroelectric barium titanate 

Although this is being investigated by means of transmission electron microscopy. 

study is primarily directed towards understanding the peculiar dielectric aging 

phenomenon that occurs following the ferroelectric transition, the domain boundary 

behavior approach is expected to also strengthen our understanding of domain 

processes in ferroelectrics. The transmission electron microscopy studies are 

being supplemented with structural studies by means of optical polarized light 

microscopy and detailed electrical measurements of the kinetics of the aging process. 

This program is now completed, and papers covering this work are being 

prepared for publication. 

STRESS CORROSION CRACKING OF COPPER-BASE ALLOYS 

Senior Investigators: N.S. Stoloff, Ph.D. 
Associate Professor 

Engineering 

L.A. Jackman, Ph.D. 
Ass is tant Professor 

Engineering 

Research Staff: M. Kelley, B.S. 
Research Fellow 
A.W. Blackwood, B.S. 
Research Assistant 

of Materials 

o f Materia 1s 

A. Superplasticity 

The term superplasticity refers to the ability of some metallic materials 

to exhibit unusually long elongations of up to 2000% under uniaxial loading prior 

to the occurrence of necking and fracture. Most observations of this anomolous 

ductile behavior have been on either eutectic or eutectoid alloy systems. 

requisites are an exceptionally fine and stable grain size and testing temperature 

of at least one-half the melting temperature. Important characteristics of super- 

Pre- 
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plasticity are that it prevails only over intermediate strain rates and that 

grains do not become elongated as deformation proceeds. 

concerning the mechanism accounting for superplastic behavior. 

investigators favor the mechanism of grain boundary sliding, while others have 

proposed the mechanism of re-crystallization or grain boundary sliding concurrent 

with deformation. 

There is much controversy 

A number of 

During this program period, an investigation has been initiated which is 

directed towards _ _  determining the mechanism responsible for superplasticity. The 

first phase of this study is concerned with investigating the internal friction 

peak associated with grain boundary sliding in some typical superplastic alloys. 

Since grain boundary sliding is one of the more strongly supported mechanisms 

proposed to explain superplasticity, these internal friction studies should be 

very helpful toward understanding superplasticity. Furthermore, this investigation 

should be very informative because of the lack of internal friction studies on 

two phase alloys and on materials with the exceptionally fine and stable grain size 

that can be attained by alloys exhibiting superplasticity. 

A torsion pendulum apparatus capable of oscillation frequencies around 1 

cps is presently being constructed. The magnitudes and temperatures for the 

internal friction peaks associated with grain boundary sliding will be determined 

for various frequencies as a function of grain size. Activation,energies for grain 

boundary sliding will be calculated from the observed relationships between temper- 

atures and frequencies and compared to those obtained for the deformation of the 

Al-Zn eutectoid alloy while exhibiting superplasticity. 

B. Stress Corrosion Cracking of Copper-Base Alloys 

This investigation is directed towards determining the effects of mechanical 

and chemical variables on the stress corrosion cracking susceptibility of copper- 

aluminum and copper-zinc alloys immersed in ammoniacal solution. Stress, prestrain, 
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the concentration of pre-dissolved copper and solution pH, have been varied 

during these experiments. 

In addition to the results reported previously, extensive metallography 

has shown that an intergranular to trans-granular crack path transition occurs 

in the copper aluminum alloys as the aluminum content is raised above approxi- 

mately 4 wt%. 

changes in the dislocation substructure resulting from an increase in stacking 

fault energy with increasing aluminum content. 

This is in accord with predictions by Swan and can be related to 

Although spectrophotometric studies have failed to indicate the specific 

cupric amine complex present in the corrosion environment, digital computor 

techniques based upon equilibrium thermodynamics have been applied to determine 

the specific complex species associated with stress corrosion cracking. 

C. Electron Spin Resonance 

An investigation concerned with the electron spin resonance of Fe-Cr and 

Fe-C alloys has been initiated in conjunction with the Physics Department. The 

purpose of this investigation is to study clustering, which is believed to 

strongly influence mechanical behavior. The small size of these clusters (below 

75 A) places them around the lower limit of electron microscope techniques. 
0 

A set of preliminary specimens are currently being subjected to electron 

spin resonance studies. Also, a gettered dry hydrogen purification system for 

preparing alloys with very low interstitial contents is under construction. 

METALLIC DISSOLUTION 

Senior Investigator: 

Research Staff : 

N.D. Greene, Ph.D. 
Professor of Metallurgical Engineering 

N. Ahmed, Ph.D. 
Research Assistant 
V . J .  Colangelo, M.S. 
Graduate Assistant 
S .  Chiou, B.S. 
Graduate Assistant 

i 
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L. Lee, M.S. 
Graduate Assistant 
T. Thornbury, B.S. 
Graduate Assistant 

5 ,  

Emphasis during the past period has been directed towards two new research 

areas: 1) corrosion of composite materials, and 2) in vivo electrochemical energy 

sources. These programs and their current status are described below. 

Corrosion of Composites 

Fiber-reinforced metals and other composite structures are currently 

receiving extensive study as structural components. Apparently the possibility 

of severe galvanic corrosion in these structures has not been considered or 

investigated. This problem would be especially severe in bimetallic structures 

containing continuous metallic or conductive fibers which are anodic to the matrix 

metal. Under these conditions, rapid attack of the reinforcing fibers would occur. 

Currently, the corrosion and electrochemical characteristics of Ni-W com- 

posites are being examined. The intensity of galvanic attack is being determined 

as a function of environmental and structural variations. Other such structures 

will also be examined as they are received. 

In Vivo Electrochemical Power Sources 

Internal, or in vivo electrochemical energy sources are becoming increasingly 

important as new biomedical instruments are developed. 

blood pressure pacemakers, together with internal EKG and EMG telemetry units. 

These devices require D. C. energy sources which are compact, long lived, and 

produce uniform outputs. 

successful due to several inherent limitations. A solution to this problem is the 

These include cardiac and 

Conventional batteries have proven to be only partially 

use of body fluids as an electrolyte to establish a primary or fuel cell. 

A cooperative program between the Department of Cardiovascular and Thoracic 

Surgery, Boston University, and Rensselaer's Corrosion Research Laboratory has been 
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established to develop new in vivo power sources. Specifically, electrode 

materials suitable for bio-galvanic (primary) cells are being sought. Preliminary 

studies indicate that couples between platinum and magnesium, aluminum or zinc 

should be satisfactory from the standpoints of high power output and low toxicity. 

The electrochemical characteristics, power output, and electrode configura- 

tions of the above couples under i n  vitro conditions, are being studied at Rens- 

selaer. 

being investigated at Boston. 

Toxicity reactions and cell performance under in vivo conditions are 

5 
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POLYMER RESEARCH 

The previous semi-annual report gives a summary of the extent of the 

polymer research topics currently under investigation in these laboratories. 

Several of these investigations will be singled out and summarized in this 

synopsis, and in future reports. Of course, a detailed summary of each inves- 

tigator's activities is to be found following this brief overall description. 

Since the molecular characterization of high polymers is an essential 

complement to all studies involving property-structure relationships in these 

materials, considerable emphasis has been placed on the molecular characterization 

laboratory at Rensselaer. While this facility has been designated for general use 

by the polymer group, several detailed characterization studies, per se, are being 

pursued. Among these is a project aimed at delineating the sources of dispersion 

phenomena in gel permeation chromatographic analyses. 

G.P.C. analysis is to provide rapid but accurate molecular weights, and molecular 

weight distributions for high polymers, the possible sources of dispersion in the 

observed elution curves are central to proper analysis and calibration of the 

system, 

Since the ultimate goal 

Currently, axial and radial dispersion of the polymeric solute by the 

action of the fluid mechanical flow field in a 

in detail. 

Mechanical properties studies involving 

bations on the ability of a polymeric solid to 

packed G.P.C. column is being studied 

the effect of stress field pertur- 

yield are aimed at a mechanistic 

description of the toughening phenomenon in polymeric composites. 

studies involving several novel pieces of apparatus are designed to evaluate the 

effects of multi-axial stress fields on mechanical relaxations and second order 

phase transitions. 

Experimental 

Thermal conductivity studies have been performed on a variety of polymers 

involving a considerable range of molecular weights, and molecular orientations, 



the.latter obtained by hot stretching and uenching pro 
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edures. A theory which 

describes the transport of energy (thermal) in a polymeric solid in terms of the 

conformational statistics of chain molecules and the transfer frequency of intra- 

molecular relative to intermolecular motions has been verified. The theory now 

allows prediction of the effect of molecular weight and orientation on the aniso- 

tropic components of the thermal conductivity. 

The thermodynamic interaction and diffusion of liquids in elastomers is 

being studied at constant volume in a unique apparatus. The constant volume data 

are being interpreted in terms of the kinetic theory of rubber elasticity and the 

cohesive energy density concept applied to polymeric lattices. 

law is being formulated which will allow the diffusion stresses observed to be 

interpreted in terms of the polymer-liquid thermodynamic interactions. 

A modified diffusion 
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A. Polymer-Solvent Interactions 

The constant volume polymer-liquid interaction cell described previously 

is being used to obtain thermodynamic and diffusion data on elastomers with various 

solvents. 

quarter percent antioxidant were prepared by the Rubber Research Institute at Akron 

University. 

liquid. Typical pressure versus time curves are shown in Figure 1, where the 

establishment of equilibrium is obvious. 

Natural rubber samples with a one percent peroxide crosslink and one- 

These samples have been studied using nitromethane as the interacting 

In order to emphasize the approach to equilibrium, a logarithmic plot of 

these data is shown in Figure 2 where the straight lines all have slope of one- 

half as predicted by diffusion theory. Thus, by the study of data on various 

solvents, the apparatus can be used to determine excess thermodynamic functions 

which are a direct measure of polymer-liquid interactions, as well as constant 

volume diffusion coefficients of the liquid in the polymer. 

A constant volume polymer-liquid lattice model is being developed to cor- 
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relate the data obtained at constant volume with the commonly measured swelling 

data on the same systems. It is planned to continue these studies with a variety 

of polar and non-polar liquids. 

The simultaneous absorption and swelling apparatus described previously 
.. 

is being used to study additional polymer-solvent systems. 

investigate block polymer and semi-crystalline polymers in addition to the glassy 

polymers already considered. 

It is planned to 

B. Dynamic Mechanical Properties 

A dynamic mechanical spectrometer capable of operation from 0.001 cps to 

20 cps with a temperature range of -5OOC to +2OO0C is now operational. 

feature of this device is its ability to operate through the glass transition 

temperature to at least 50% above Tg. Most dynamic mechanical observations of 

the glass transition phenomenon are made with a torsion pendulum which does not 

permit operation above Tg. Most melt rheology studies are conducted well above 

Tg and, consequently, little data are available on dynamic behavior from Tg to 

Tg + 50. Careful study of polymethylmethacrylate, polyvinyl acetate and poly- 

styrene using this newly developed apparatus indicates that a major mechanical 

relaxation occurs about 5OoC above Tg for the three polymers. 

a relaxation has been reported from differential thermal analysis data on poly- 

styrene. It may be that the melt-melt relaxation we are observing is common to 

all linear high polymers with bulky side groups. 

A unique 

Some hint of such 

While a mechanism assignment for 

this relaxation would be premature, we conjecture that the source may be large 

scale cooperative motion of the entire molecule. 

detail on several polymers. 

This study will be continued in 

(Supported partially by the Borden Foundation). 

C. Inhomogeneous Deformation and Yielding Studies 

Biaxial stress yielding studies on glassy polymers are being conducted in 

an attempt to determine the (stress) failure surface (or yield criterion). Our 



24. 

3 
3 

s t u d i e s  t o  d a t e  c l e a r l y  support  the  content ion t h a t  y ie ld ing  i n  g lassy  polymers 

i s  dependent on the  i s o t r o p i c ,  as w e l l  as the  dev ia to r i c ,  component of t he  stress 

tensor .  

of toughness enhancement i n  composites of the  glassy matrix-rubber dispersed phase 

type, where loca l i zed  y ie ld ing  of t h e  matrix i s  a major f a c t o r  i n  the  f a i l u r e  

c h a r a c t e r i s t i c s  of the  composite. 

The y i e l d  c r i t e r i o n  i s  being developed i n  order  t o  analyze the  problem 

Dynamic mechanical s tud ie s  of p a r t i a l l y  yielded composites a r e  being con- 

ducted i n  a b i a x i a l  stress, forced to r s ion  pendulum. 

app l i ca t ion  of b i a x i a l  stress w i l l  enable us t o  charac te r ize  the  matrix-rubber 

stress f i e l d  in t e rac t ions .  ( P a r t  C i s  supported by N.I.D.R.) 

It i s  expected t h a t  the 

D. Other Studies  

The concepts of f r a c t u r e  and p l a s t i c  deformation developed by t h i s  group a r e  

being appl ied t o  the  f a t igue  f a i l u r e  of g lassy  polymers. Low frequency f a t igue  and 

crack propagation s tud ie s  a r e  continuing. 

x-ray d i f f r a c t i o n s ,  arld dynamic mechanical proper t ies  of polyvinyl a lcohol-acetate  

copolymers are s t i l l  i n  progress .  

Detai led stud*ies of the  in f r a red  spec t ra ,  

The elastomer and f i b e r  network theor ies  have been extended f o r  f i n i t e  

deformations and the  incompress ib i l i ty  c o n s t r a i n t  f o r  rubbers has been incorporated 

i n  t h e  elastomer model. Non-Gaussian chain behavior i s  now being inves t iga ted .  
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A. Thermal Conductivity 

During the past report period the main part of the study on heat conduction 

in amorphous and molten polymers has been completed. This research yielded the 

following results: 

1. A molecular theory of heat conduction in amorphous polymers was 

developed which explicitly predicts the sensitivity of thermal 

conductivity to molecular weight and orientation. 

2. Data on thermal conductivity of polystyrenes and molten polyethylenes 

of different molecular weights which confirm the theoretical predictions 

on molecular weight dependence. With both of these polymers the thermal 

conductivity was found to increase two fold on going from low to high 

molecular weights. 

3 .  Data on oriented polystyrenes and polymethylmethacrylates confirming the 

theoretical predictions of anisotropic thermal conductivities as a 

function of orientation. 

Data on oriented polymethylmethacrylates of different molecular weights 

and molecular weight distributions, confirming the theoretical prediction 

of the coupling of molecular weight and orientation effects. 

4. 
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A comprehensive report of this work is being prepared for publication. Some 

preliminary experiments are being done on oriented crystalline polymers. 

planned to continue these as the beginning of a general study of heat conduction 

and structure in crystalline polymers. 

It is 

B. Morphology 

In the last report the identification of a stacked-lamellar fibril morphology 

in melt crystallized polyethyleneterephthalate was reported. 

reproduction of one of the thin section electron micrographs of this polymer which 

shows the striated fibril structure. 

ily in connection with the studies of cold-drawing and thermal conductivity. 

Figure 3 is a 

Further work on morphology is planned primar- 

C . Co Id- Drawing 

A series of creep and relaxation experiments on highly crystalline poly- 

propylenes and polyethylenes suggest that large deformations of polymer crystals 

or crystal aggregates can be elastic (as well as or rather than plastic) in nature. 

This work will be continued to develop experimental methods for characterizing 

the properties of drawn crystalline polymers in terms of parameters that can be 

related directly to morphological observations on the polymer. 

an apparatus for isothermal crystallization of samples suitable for both detailed 

study of morphology and mechanical properties is being constructed. 

At the same time 

An interim report on large strain elasticity in crystalline polymers is 

being prepared for publication. (These studies of cold-drawing are supported by 

the Army Research Office, Durham). 

Since the last report period the following students have submitted theses 

and completed degree requirements: Albert Bacon, M.S., Joseph Nowell, M.S., Basil 

Washo, Ph.D. 



I 
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Figure 3 .  Electron Micrograph of U l t r a th in  Sec t ion  of M e l t  C rys t a l l i zed  
Polyethylene Terephthalate  Showing F i b r i l  S t ruc tu re  Near Spheru l i te  
Boundary. Sec t ion  Stained with O s m i u m  Tetroxide.  
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A. Polymerization of Methyl Methacrylate Initiated by SO2 

Sulfur dioxide and t-butyl peroxide in low concentrations have been used to 

initiate the polymerization of methyl methacrylate (MMA) and other vinyl monomers. 

The MMA polymerization is not inhibited by free-radical scavengers such as 

diphenylpicrylhydrazyl and hydroquinone. 

of sulfonate and hydroxyl end groups in the polymer. 

(MMA-isoprene, MMA-acrylic acid) with this initiator and conventional free-radical 

End-group analysis shows the incorporation 

Copolymerization results 

initiators agree well. The overall reaction thus appears to be primarily radical 

in nature. 

Inert solvents such as benzene, toluene and xylene enhance the polymerization 

rate of MMA but not of other vinyl monomers. It appears that an initiation mechanism 

involving monomer and solvent is predominant in the case of MMA, while with other 

monomers an initiation reaction involving only the monomer is overriding. 

The molecular-weight distribution and thermal stability of MMA polymers 



prepared with low concentrations 
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of SO2 as initiator have been studied by gel- 

permeation chromatography and dynamic thermogravimetric analysis, respectively. 

This work will terminate in September, 1968. A paper, "Polymerization of 

Methyl Methacrylate and Other Vinyl Monomers by Low Concentrations of SO2," by 

Premamoy Ghosh and Fred W. Billmeyer, Jr., will be presented in a Symposium on 

Polymerization and Polycondensation Processes, at the Spring, 1968 meeting of the 

American Chemical Society and published in a Symposium volume in the ACS series, 

"Advances in Chemistry. 

B. Radical Polymerization of Methyl Methacrylate at High Conversions 

Apparatus is being set up to study the photopolymerization of methyl 

methacrylate at 80-100% conversion, using the refractometric method described by 

Naylor and Billmeyer.* 

tubes acting as cylindrical lenses. Their optical properties will allow the 

determination of refractive index, which is a measure of conversion. We expect 

to study the effect of kinetic variables on the approach to complete conversion, 

in the post- Tr'bsdorf region. 

C. Melting Thermodynamics of Linear Aliphatic Polyesters 

Briefly, the reactions will be carried out in small sealed 

Preliminary studies have been made of the crystallization from dilute 

solution of a series of linear aliphatic polyesters. The polymers were characterized 

by measurement of solution viscosity and osmometry. They included the 2,6; 2,8; 2,lO 

and 6,6 polymers. 

Diffusion of methanol into chloroform solutions of the polymer gave ambiguous 

results, with stacked sheaf-like lamellae being formed in the most favorable cases 

and mixed, semi-crystalline material appearing in others. Inadequate control Over 

*M.A. Naylor and F.W. Billmeyer, Jr., J.Am.Chem.Soc., 75, 2181 (1953). 
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diffusion rates and solvent non-solvent proportions made this method generally 

unusable. 

Isothermal crystallization from .01% solutions in methanol generally gave 

crystalline products raeging from well-formed dendrites and some multi-layered 
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single crystals at 4OoC to hedrites and incipient spherulites at 25OC. 

Slow cooling of solutions (4O/hr to 80°/hr) produced a variety of morphol- 

ogies strongly dependent on solvent and concentration. Solutions of .05% - 0.1% 
polymer in amyl acetate and 95:5 methano1:chloroform gave dendritic and hedritic 

growths over the range of cooling rates. Solutions of .005% polymer in methanol 

gave well-formed lamellae and simple dendritic growths, the former favored at 

low cooling rates. 

Several of the polyester samples were studied dilatometrically in order to 

ascertain the temperature ranges over which annealing and bulk crystallization 

could be expected to take place and to determine the amorphous densities and co- 

efficients of thermal expansion of the amorphous polymers. 

be done in this area in the future. 

More work will probably 

Bulk crystallization studies have been initiated on the polyester samples 

in order to define the optimum crystallization conditions. 

measured in a density gradient column, seem rather low at present but the rather 

uncertain densities of the perfectly crystalline material calculated from earlier 

x-ray data may have to be reexamined to get a better measure of the density- 

crystallinity relationship before this can be confirmed. 

will be analyzed by electron microscopy and differential scanning calorimetry. 

Sample densities, 

Eventually the samples 

D. Thermodynamics of Semi-Crystalline Polymer-Solvent Systems 

In a series of papers,* S.H. Maron has proposed a theory of the thermo- 

*S.H. Maron and coworkers, J.Polymer Sci., 38, 329 (1959); s, 59 (1959); 
42, 327 (1960); 46, 333 (1960); 47, 157 (1960). 

I 
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dynamics of polymer-solvent systems which appears to be a considerable improvement 

over the well-accepted Flory-Huggins theories. Direct experimental tests of the 

Maron theory have been few, and have involved primarily the fitting of data from 

the literature. One such test* suggests that deviations from the theory shown by 

vapor-pressure measurements on solutions of semi-crystalline polymers can be used 

to calculate the degree of crystallinity or order persisting in the sample in the 

presence of varying amounts of solvent. Extrapolation is easily made to give the 

crystalline content of the pure polymer, which may be compared with that deter- 

mined by other techniques. 

We plan to test this aspect of the Maron theory, for which no comparisons 

with other crystallinity data have yet been made. 

(modified McBain balance), thermostat, and vacuum system are under construction. 

The first polymer system studied will be isotactic polystyrene, selected for 

suitability for room-temperature experiments. 

viscosity measurements are in progress. The work will later be extended to eleva- 

ted temperatures, allowing the use of polyethylene samples, on which extensive 

The vapor-pressure apparatus 

Osmotic-pressure and solution- 

crystallinity measurements by a variety of independent methods are available. 

E. Dispersion in Gel-Permeation Chromatography 

Dispersion (peak spreading, zone broadening) in gel-permeation chromato- 

graphy (GPC) results from a variety of mechanisms, largely independent and additive 

in their effects. Among the more important of these, in addition to instrumental 

contributions, is expected to be eddy diffusion within the chromatographic columns. 

We have proposed and are testing an experimental approach to the study of dis- 

persion in GPC, based on existing theories and concepts from gas chromatography 

and liquid-liquid dispersion in packed beds. 

*M.Sc. Thesis of C.A.  Daniels, Case Institute of Technology, 1967 
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We have found that the standard injection-detection system in the Waters 

gel-permeation chromatograph can lead to significant contributions to peak 

broadening and retention time when single columns or short columns are used with 

macromolecular solutes. Use of a micro refractometer cell and elimination of all 

excess tubing, including the heat exchanger, led to significant reductions in 

both these effects. 

severe tailing, were also eliminated. 

Anomalies in the chromatograms, such as spurious peaks and 

With corrections for the injection-detection system minimized and applied, 

we have obtained dispersion data expressed as height equivalent to a theoretical 

plate (HETP) as a function of flow rate for both permeating and nonpermeating 

solutes. The agreement with our model is good. A s  Figure 4 shows, HETP varies 

little with flow rate for a nonpermeating (macromolecular) solute, but drops with 

decreasing flow rate in a characteristic concave-downward curve for a permeating 

(low-molecular-weight) solute. 

It is important to note, we feel, that HETP for the nonpermeating solute 

is substantially higher than that for the permeating solute at corresponding flow 

rates. Although the larger volume (interstitial plus pore volume) available to 

the permeating solute may play a role, we feel that the higher viscosity and lower 

diffusivity of the macromolecular solute provide the major effect. 

Consideration of this point has led us to experiments designed to separate 

the causes of zone broadening in GPC columns into free-stream dispersion effects 

(outside the gel) and broadening due to the permeation process itself. The 

evaluation of dispersion in GPC can be greatly simplified by studying these pro- 

cesses separately. Very little is known about free-stream dispersion in systems 

of low diffusivity (high Schmidt number) characteristic of polymeric solutes. 

We are currently studying these phenomena using GPC columns packed with non-porous 

glass beads. 

as the Schmidt number, the ratio of bead size to column diameter (aspect ratio), 

Major variables being examined are flow rate, diffusivity expressed 
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the size distribution of the beads (segregation factor), and the methods of 

packing the columns. 1 

F. Low-Angle Light Scattering 

A low-angle light-scattering photometer (Phoenix Precision Instrument Go.) 

was received at the beginning of this period. 

the development of extensive alignment and testing procedures, the instrument is 

now considered operational for the determination of particle size and particle 

size distribution in the 0.1-100 micrometer (formerly, micron) region. 

Because of an inverse relation between the size of light-scattering 

particles and the angle at which the scattered intensity begins to drop from its 

low-angle value, this method can be extended to large particles only if the light 

beam in the instrument is exceptionally well defined and limited to very small 

After considerable modification and 

divergence. Figure 5 shows, on a logarithmic scale, the drop in main-beam intensity 

I with increasing angle 8 achieved with our preferred alignment procedure. It is 

on the basis of this performance, allowing significant measurement of scattered- 

light intensity at angles as low as O.lo, that the method is estimated to be 

applicable to 100 micrometers particle size. 

0 

Preliminary studies, designed to demonstrate the utility of the instrument 

and technique, have been made on copper powders and glass beads of various sizes; 

plastics pigmented with Ti02 and BaS04; and biological systems such as human blood, 

shrimp eggs, yeast, and milk. Growth-rate studies have been made on living and 

inert systems including fertilized sea-urchin eggs and colloidal silver nitrate. 

The instrument has also been used for transmittance measurements where scattered 

light must be excluded, including calibration of turbidity standards and measure- 

ment of the transparency of translucent plastics. 

These studies were selected to emphasize the applicability of the technique 
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to a wide variety of specimens in the pure state, in suspension, or in solution. 

Data are analyzed by the method of Sloan* in which a plot of log Ie2 vs log 

(I = scattered intensity, 9 = angle of observation) is examined for the location 

of a maximum characteristic of the aforementioned drop-off in scattered intensity. 

Typical experimental results are shown in Figure 6 for yeast cells (about 0.6 

micrometer diameter) and human blood cells. The latter show a predominant dimen- 

sion of about seven micrometers, with indications of some larger dimensions also 

present. 

A paper, "New Instrumentation for Particle-Size Determination by Low-Angle 

Light Scattering," by Peter J. Livesey and Fred W. Billmeyer, Jr., will be presen- 

ted at the ACS Colloid:~ymposium, June 1968, and submitted for publication to an 

appropriate journal. 

G. Solvent-Gradient Elution Fractionation 

A polymer fractionation system is under construction. In a shnrt-term 

undergraduate research project, temperature uniformity within the gradient-elution 

column was studied using thermocouples placed throughout its length. Variation of 

current to the column heaters resulted in little or no variation of temperature 

throughout the column. 

H. Calibration of Gel-Permeation Chromatographs 

It is now well established that the separation process of gel-permeation 

chromatography is based on molecular size, whereas most users of the technique 

prefer calibration curves of molecular weight2 elution time. 

mation such curves obtained with monodisperse polystyrenes are often used regard- 

less of the nature of the polymer studied. We have shown, as have others, that a 

As a first approxi- 

better approximation can be achieved if a calibration curve is available for the 

*C.K. Sloan, J. Phys. Chem., 59, 834 (1955). 
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specific polymer being investigated. Since monodisperse samples are not generally 

b -  
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available, it is advantageous to be able to arrive at a calibration curve from 

data obtained with whole-polymer samples. We have derived a method for doing this, 

but require further characterization of a test series of polymers to check its 

accuracy. 

These measurements are being obtained as an undergraduate research project. 

The polymers include fractions and narrow- and broad-distribution whole-polymer 

poly(methy1 methacrylates). The major measurement required is molecular weight 

by light scattering; for this work, our angular-dissymmetry photometer has been 

calibrated using a number of reference standards. Osmotic-pressure and, of course, 

gel-permeation measurements will follow. 

I. Differential Refractometry 

In an undergraduate research project, the utility of a commercial low- 

sensitivity differential refractometer (Waters Associates "Milan") has been scouted. 

Attempts to monitor the output from various types of chromatographic columns have 

proved unsuccessful, but the instrument has proved useful for demonstrating the 

non-ideal behavior of such liquid mixtures as alcohol-water, acetone-chloroform, 

and dioxane-water. 

? 
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During the  p a s t  ha l f  year  considerable  progress was made towards the under- 

s tanding of t he  problem: 

could be proven, t h a t  l a r g e  extended chain c r y s t a l s  are thermodynamically s t ab le .  

These c r y s t a l s  could f o r  polyethylene be made i n  a complicated pressure annealing 

technique previously developed by our  laboratory.  

r idges  of extended chain c r y s t a l s  on the  sur face  showed t h a t  these r idges ,  about 

25A th i ck  and 20 OOOA long, a r e  ab le  t o  r e fo ld  spontaneously up t o  4OoC below the 

melt ing poin t  t o  folded chain c r y s t a l s  of l a r g e r  m a s s .  Since no large c r y s t a l  

can grow bypassing the  small  c r y s t a l  s t age  (nucleus) i t  must be concluded, t h a t  

a k i n e t i c  b a r r i e r  t o  nuc lea t ion  p roh ib i t s  extended chain c r y s t a l  growth from the 

random polymer melt o r  so lu t ion .  F i r s t ,  always a folded chain c r y s t a l  i s  formed 

which i n  a second s t e p  can be tempered t o  g rea t e r  per fec t ion ,  bu t  t h i s  second 

s t e p  i s  a s o l i d  s t a t e  r eac t ion  and f reezes  usua l ly  before  the  equi l ibr ium extended 

chain c r y s t a l s  can be reached. 

"Why are polymer c r y s t a l s  usua l ly  metastable?" It 

Producing narrow f i b e r  l i k e  

0 0 

A s  a co ro l l a ry  o the r  pa th ' s  t o  equi l ibr ium c r y s t a l s  had t o  be sought. An 

extensive review of the organic,  inorganic ,  and b io log ica l  polymerization reac t ions  

has yielded a l a rge  number of cases where c r y s t a l l i z a t i o n  can occur during polymer- 

i z a t i o n .  

a r e s u l t  t he  k i n e t i c  b a r r i e r  t o  chain extension does not e x i s t .  Whenever c rys ta l -  

l i z a t i o n  during polymerization i s  c a r r i e d  out  under c a r e f u l  c r y s t a l l i z a t i o n  condi- 

t i ons  extended chain c r y s t a l s  r e s u l t .  

of chemistry are: 

( s i l i c o n  d i s u l f i d e ) ,  c e l l u l o s e  from Acetobacter xylinum and poly(@-hydroxybutyrate) 

Here the  random state  of the  f in i shed  polymer i s  never reached and a s  

A few examples from d i f f e r e n t  d i s c i p l i n e s  

polyoxymethylene, poly-p-xylylene, polymeta-phosphates, Poly 

from Baci l lus  cereus.  

a r ea  of polymer science opened. 

The program f o r  the  next years w i l l  be t o  develop t h i s  new 



i 3 
.+I 36.  

THE RELATION OF MOLECULAR STRUCTURE AND INTERMOLECULAR ACTION I N  FLOW OF POLYMERS 
AND POLYMER DISPERSIONS AS A FUNCTION OF TEMPERATURE AND SHEAR RATE 

Senior Inves t iga to r :  W.H. Bauer, Ph.D. 
Professor  of Physical  Chemistry 

The ob jec t ive  of the  research has been t o  r e l a t e  the  flow proper t ies  of 

l i q u i d  polymers r e l a t e d  t o  polybutadienes with the  molecular s t r u c t u r e  and other  

proper t ies  of t he  polymers. 

Carboxy terminated butadienes have been prepared and character ized.  Flow 

prope r t i e s  a r e  being measured i n  the  l i q u i d  s t a t e  over a range of temperatures. 

It i s  planned t o  extend the  study of the  polymers t o  so lu t ions  i n  appropriate  

so lvents .  





The tremendous progress 

logical uses of a multitude of 

SOLID STATE PHYSICS 

that has come about 

37. 

in recent times in the techno- 

materials both new and old has resulted from the 

combined efforts of many groups of scientists trained in diverse disciplines but 

with large areas of common overlap. 

difficulty in characerizing distinctly the domain of any one such group as the 

solid state physicists. 

Just because of this overlap there is a 

Traditionally the solid state physicists have been concerned with ions, 

electrons, and radiation - with electron band structure, lattice dynamics and 
cooperative phenomena. There is a secondary interest in defects and only minimal 

concern with structure and microstructure in the metallurgical sense. Simple 

substances, pure materials and, if possible, single crystals are desirable for 

specimens but the tasks of their preparation and characterization are related 

to other specialists if available. Such simple systems are preferable because 

there is a better chance to correlate their behavior with idealized, mathematically 

tractible models which have always characterized the physicist's approach to theory. 

Solid state physicists frequently employ a considerable number of rather recently 

devised experimental techniques, often coupled to some microscopic resonance 

phenomenon and capable of high precision. 

The principal experimental techniques featured by the solid state group 

in the Materials Research Center are magnetic resonance (both nuclear and electronic), 

ultrasonic propagation, x-ray diffraction, and thermal measurements in the liquid 

helium temperature range and below. 

will also be in progress). 

(Shortly measurements of the MGssbauer effect 

There is an appreciable interplay between all of these. 

The nuclear magnetic resonance has been very successful in exploring the 

mechanism of permanent polarization in ferroelectrics, particularly Rochelle Salt, 

In conjunction with radiation damage via gama ray irradiation the nuclear magnetic 

resonance has been applied to the study of defects in many salts, In the alkali 
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halides the effect of stress-induced field gradients has been explored and anti- 

shielding co-efficients have been calculated. 

technique has been employed in amorphous structures (glasses and amorphous selenium), 

in thin magnetic films (Fe-Ni and Fe-Co alloys), in doped semiconductors, and in 

alkali halides where indirect evidence is being sought for the presence of inter- 

stitial complexes. 

The electron paramagnetic resonance 

Theoretical calculations have been started to explore the 

critical configurations for such complexes. 

Ultrasonic studies of superconductors have been superceded by ultrasonic 

experiments on lattice defects. The ultrasonic attenuation is amazingly sensitive 

to the presence of defects which, on becoming mobile at somewhat higher temperature, 

can pin dislocations. This technique, applied to lead irradiated with gamma rays at 

liquid nitrogren, has revealed a wealth of interesting effects that suggest 

specific models for lattice defect trapping. Ultrasonics has also been used at 

room temperature where the emphasis has been on elastic constant determination 

through velocity measurement. 

the results used to give information on third order elastic constant and work on 

harmonic generation is underway. These two related techniques will be applied to 

the determination of the third order elastic constants in both amorphous (Li02) and 

crystalline (NaC1) materials. Ultrasonic measurements at high pressure (up to 50 

kilobars) have been used to examine geologic materials and also pure substances. 

It has also been found in these laboratories that bone could be made to transmit 

ultrasonics under high pressure. 

Ultrasonic beam-mixing has been demonstrated and 

The intensity of x-ray diffraction peaks diminish with increasing tempera- 

ture because the greater amplitude of the atomic vibrations tends to reduce the 

effectiveness of the Bragg scattering. 

Center has concentrated on quantitative studies of this effect to gain another 

handle on elastic properties. 

been studied by this technique. 

The x-ray project in the Materials Research 

So far zinc and several ferromagnetic alloys have 

The results supplement and to a large extent 
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confirm the conventional measurements of Debye temperature and elastic constants. 

The low temperature facilities, which include one gear capable of going 

to 0,4OK, have clearly played a role in both the resonance and the ultrasonic 

work. 

tivity and thermal heat capacity of polymers with some interesting and unexpected 

results. Apparently this is a nearly unexplored field and one rich in challenges 

In addition the He3 cryostat is being used to explore the thermal conduc- 

for both experiment and theory. 

There are many ways in which the research of the solid state group inter- 

acts strongly with the rest of the research in the Materials Research Center, of 

which these low temperature polymer studies are only the most recent example. 

(There are four strong polymer groups working in the NASA building). 

currently in progress are nuclear magnetic resonance studies of A1-Ag alloys with 

Other examples 

the group studying disperse hardening, the electron paramagnetic resonance work 

on amorphous materials with the ceramics program, and the thin film studies which 

hold interest in the area of memory application. As in other laboratories dedicated 

to materials research, the role of the solid state program is an essential and 

unifying one. 
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Senior Investigator: H.B. Huntington, Ph.D. 
Professor of Physics 

Research Staff : Russell W. Dunham, M.S. 
Graduate Assistant 

The study of the third order elastic constants of fused quartz by ultrasonic 

beam mixing is now approaching completion. 

version L - T+T, feeding in a longitudinal beam with frequency fixed at 30 Mc and 

a transverse beam at one of a series of frequencies centered near the natural 

frequencies of our Y-cut quartz transducers. 

transverse beam the efficiency of conversion is determined as a function of frequency. 

By interchanging the roles of the transmitting and receiving transverse beams and 

by monitoring the strength of the "straight-through" longitudinal beam one is able 

to obtain a conversion efficiency which is quite independent of variation in trans- 

ducer characteristics, geometrical alignment, and transducer-specimen bonding. Two 

sets of data are being obtained according to the polarization of the Zransverse 

waves: parallel or perpendicular to the plane of the beams. Each set will be 

fitted to a relation involving the third order elastic constants. 

pic substance, like fused quartz, has three third order constants, a third experiment 

will be necessary. 

We have concentrated on the mode con- 

From the intensity of the received 

Since an isotro- 

We plan to supplement the beam mixing work with studies of harmonic generation 

of a single longitudinal beam. (This can be considered as a special case of beam 

mixing where a single beam breaks into two colinear beams of half the original 

frequency.) For this purpose we are constructing' a capacity probe to act as a 

broad band receiver. We are indebted to Dr. Donald Thompson of the North American 

Aviation Science Center for circuit diagram and block diagram of his design. We 

have constructed probe and preamplifier and tested at the fundamental. 

buy a spectrum analyzer from Tektronix, Inc. 

We plan to 

The block diagram also calls for an 

Dunham is being assisted in this project by another graduate student, John 
Lutz, and a physics senior, David Strmic, on a voluntary basis. 

1 
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integrating scope since the spectrum analyzer can operate only during the time 

of the received pulse. It is possible that we may be able to avoid the expense 

of this item. Lutz and Dunham have hit on the ingenious idea of inserting a 

mica wafer into the probe, primarily to maintain a fine uniform spacing. They 

were surprised to find also considerable amplification constant under alternating 

current bias. The circuit was later analyzed by Dunham who has shown such 

amplification can be expected if one analyzes the capacitor in terms of a slab 

of mica and two air gaps. Since the ultrasonic wave does not penetrate the mica, 

the spatial variation is confined to one of the air gaps. The extra amplification 

with the narrower gap and higher direct current voltages gives such a large signal 

that hopefully signal integration may not be necessary at the harmonic. 

A s  mentioned the analysis for an investigation of beam mixing in a single 

crystal (NaC1) has been carried out but experimental studies are waiting until the 

work on the fused quartz is completed. 

The ultrasonic data on anthracene are being reanalyzed. 

NUCLEAR MAGNETIC RESONANCE IN SOLIDS 

Senior Investigator: 

Research Staff: 

P.A. Casabella, Ph.D. 
Associate Professor of Physics 

C.J. Miller, B.S. 
Graduate Assistant 
M.E. Fitzgerald, B.S. 
Graduate Assistant 
A. Musillo, B.S. 
Graduate Assistant 

The studies pursued under this grant, in the last six months have been 

in three different areas: 1) polymers, 2) ferroelectrics, and 3) alkali halides. 

1) The beginning of the work on polymers was described in the last semi- 

annual report. It was reported that there were methyl groups freely 

rotating at liquid helium temperatures in poly methyl methacrylate and . 

poly vinyl acetate. However, since that time it has been learned that 
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the methyl groups do not rotate freely, but instead they tunnel 

through the barriers to rotation. The tunneling frequencies are 

higher than the relevant nuclear magnetic resonance frequencies, 

and so they appear to rotate freely. 

is independent of temperature, no change in the rotation of the 

methyl groups was or should be observed upon lowering temperature. 

Since the tunneling frequency 

The study of the motion of these methyl groups is being pursued 

further by measuring the spin lattice relaxation time of the nuclei 

in the polymers. To date, the data have not been fully analyzed, but 

from 1.4OK to 4.2OK, the proton spin lattice relaxation time in poly 

methyl methacrylate was found to be proportional to T-3'2. 

measurements will be made on other polymers to determine whether this 

temperature dependence is common to other materials. 

Similar 

Other polymer studies have begun on a co-polymer system of poly 

vinyl acetate and poly vinyl alcohol. 

determine if the properties of the molecules are measurably affected 

by having molecules of a different species in close proximity as one 

has in co-polymers. 

The study of the Na 

Rochelle salt is now being carried out under this grant. 

is only ferroelectric in the temperature range of -18OC to +24OC. 

the last six months the study of the Na 

ture non-ferroelectric phase has been completed. 

together with earlier measurements made at this and other laboratories 

lend strong support to the theory that the low temperature phase of 

Rochelle salt is anti-ferroelectric. 

The purpose of this work is to 

23 nuclear magnetic resonance in ferroelectric 

Rochelle salt 

In 

23 resonance in the low tempera- 

These measurements, 

The work on Rochelle salt will continue, and will concentrate 

on understanding the effect of ionizing radiation on the properties of 

this material. 
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3) The study of the relationship between electric field gradient and 

strain in KC1, NaF, and KBr is proceeding satisfactorily. The 

crystals have been prepared, and preliminary measurements have been 

made. These indicate that the density of dislocations in the crystals 

is low enough to make the proposed studies feasible. In addition, the 

measuring technique has been improved over that used previously on 

NaCl and NaBr. It is expected that this improvement will result in more 

accurate results. 

ELECTRON SPIN RESONANCE 

Senior Investigator: 

Research Staff : 

A.C. Greene, Ph.D. 
Assistant Professor of Physics 

Willard W. White, B.S. 
Fellow (N.S.F.) 
Joseph E. Demuth 
Undergraduate Assistant 

Research of interdisciplinary interest is being conducted and will be 

continued in the following areas: determination of structural units in amorphous 

materials, correlation between structural phases and magnetic properties of thin 

alloy films, and studies of defect behavior in alkali halide single crystals. 

Detailed calculations of local lattice strains in the vicinity of inter- 

stitial complexes in the alkali halides have been initiated. Of particular interest 

is the study of the stability and thermal behavior of the neutral halogen molecule 

in the lattice. These results will be used in the analysis of nuclear magnetic 

and electron spin resonance measurements which indicate, indirectly, that large 

numbers of this type of defect are stable at room temperatures. Work on more direct 

means of spectroscopic detection of interstitial complexes is also being carried out. 

The detection of magnetic resonance spectra due to certain non-S-state 

impurity ions in metallic films may be possible according to Msssbauer effect studies 
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of these materials. 

being undertaken in order to carry out experiments on these films at temperatures 

near IOK. 

Necessary modifications of existing apparatus are currently 

Several projects concerning semi-conducting materials are in progress. The 

paramagnetic spectra of nitrogen in nitrogen-doped silicon is of major interest. 

To date, problems have arisen in sample preparation techniques due to a low solu- 

bility of nitrogen in silicon. 

such as selenium and selected glassy compounds. 

Work is being continued on amorphous materials 

X- RAY SCATTERING 

Senior Investigator: 

Research Staff : 

J.L. Katz, Ph.D. 
Professor of Physics 

S. Raman, Ph.D. 
Associate Professor of Physics 
J. Feldman, Ph.D. 
Research Assistant 
D. Grenoble, B.S. 
N.I.D.R. Predoctoral Trainee 
G. Oehler, B.E.E. 
N.I.D.R. Predoctoral Trainee 

The continuing motivation in this program has been the relationship of 

elastic properties and behavior of materials to their structure. This has been 

based upon three interrelated experimental and theoretical studies: atomic ther- 

mal motion and thermal diffuse x-ray scattering, high pressure investigation, and 

lattice dynamical force model calculations. 

Mercury has been chosen as the second material in which atomic thermal 

motion and thermal diffuse x-ray scattering will be studied using the liquid He 

x-ray cryostat. 

in this experiment. 

Single crystals of Hg grown by the cryogenics group are being used 

Two concurrent calculations of the thermal diffuse scattering (T.D.S.) inten- 

sity in Zn are in progress, or have been completed. 

modification of the T.D.S. expression for a crystal with one atom per unit cell has 

A first approximation based on a 
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been completed. 

sion is performed over the actual volume scanned during the experiment. 

isotropic assumption is made with regard to the lattice frequencies and the results 

are expressed in terms of the elastic constants and elastic compliances, 

The integral over reciprocal space that enters the modified expres- 

The 

The thermal diffuse scattering (T.D.S.) intensity in zinc is being studied 

with the use of phenomenological Born-van Karman force models proposed by DeWames, 

Wolfram and Lehman, and by Gupta and Dayal. The models are based on neutron 

measurements of the dispersion curves and on the elastic constants. A numerical 

integration of the T.D.S. is being performed over the volume of reciprocal space 

corresponding to Dr. Skelton's experiment. The relative contributions to the 

integrated T.D.S. from the optical and acoustical normal modes and the dependence 

of the results on the force model will be studied. Preliminary results have been 

obtained. 

The high pressure ultrasonic and associated x-ray studies involve both 

natural (hard tissue) and synthetic (restorative and prosthetic) biomaterials. 

These studies are being continued as well as being extended to include the behavior 

as a function of temperature as well. 

ULTRASONIC PULSE INTERFEROMETRY 

Senior Investigator: S. Katz, Ph.D. 
Professor of Geophysics 

Research Staff: R.S. Gilmore, M.S. 
Research Assistant 

Measurements of electrical resistance to 100 kbar in AgI mentioned pre- 

viously have been described in a manuscript accepted for publication in the 

Journal of Chemical Physics. 
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ULTRA-LOW TEXPERATURE SOLID STATE PHYSICS RESEARCH 

Senior Investigator: G.L. Salinger, Ph.D. 
Assistant Professor of Physics 

Research Staff : Y.C. Chiang, M.S. 
Graduate Assistant 
C.L. Choy, B.S. 
Graduate Assistant 
A.J. Musillo, B.S. 
Graduate Assistant 
J.I. Treu 
Undergraduate Assistant 

A. Amorphous Polymers 
The studies of the thermal properties of amorphous polymers between 0.4 

4.2OK have been extended to measurements of the heat capacity, Cy by the heat 

pulse method in polymethyl methacrylate and polystyrene. Above 2'K, C/T is a 

constant, however, below 2'K, C/T This behavior indicates that in 

3 

3 decreases. 

addition to the Debye contribution to the specific heat, there are also low fre- 

quency non-acoustic modes contributing an excess specific heat. Below 2'K, there 

is not sufficient energy to excite these modes. 

The average velocity of propagation of sound waves at low temperatures 

determines the Debye contribution to the specific heat. The velocity of longitu- 

dinal and transverse sound waves has been measured in polymethyl methacrylate and 

polystyrene between 60 and 220°K. The bond to the transducer is made near liquid 

nitrogen temperature. The results can be linearly extrapolated to O°K and yield 

values of C/T which are in good agreement with the values of C/T3 obtained from 

the thermal measurements near 0.6OK. 

3 

The Debye contribution to the heat capacity thus determined is subtracted 

from the total measured heat capacity to obtain the excess specific heat. 

frequency and strength of the non-acoustic modes is determined by comparing this 

excess specific heat to that expected from Einstein modes. 

order to fit the data for PMMA, two Einstein temperatures are needed: 

comprising 1% of all the modes and one at 7OK comprising .05% of all the modes. 

The 

It is found that in 

one at 17'K 
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Thus there is probably one mechanism with some distribution of frequencies. 

Einstein temperatures for polystyrene are at 130K and 5OK and have similar strengths. 

These temperatures cannot be changed by more than 20% and still give a good fit to 

the data. 

The 

Using the Debye contribution of the heat capacity and the measured thermal 

conductivity (described in the previous semi-annual report), one finds the mean 

free path, R, of the phonon to vary as T2*7 near 4OK and T l o 5  near .4OK. 

2'K, 

is in turn large compared to the microscopic disorder since the size of a repeat 

unit is 2.5 A. 

At 
0 0 

= 4500 A which is large compared to the dominant chain length (100 A) which 

0 

These are the conditions for the existence of lattice waves; the Klemens 

i 
i 

theory, predicting a linear temperature dependence of the thermal conductivity, 

should hold. 

1°K, the theory may need modification. 

Since the thermal conductivity varies faster than linearly below 

1 The complete results will be presented shortly in the thesis of C.L. Choy 

and publications based thereon. Preliminary reports were given at the Symposium 

on Molecular Dynamics and Solid State Structure sponsored by the National Bureau 

of Standards in October and at the meeting of the American Physical Society held 

in New York in November. 

B. Polyethylene 

The thennal properties of polyethylene have also been measured between 0.4 

and 4OK as a function of crystallinity. In the last six months the thermal conduc- 

tivity was measured on samples of lower per cent crystallinity than those mentioned 

in the previous report. 

lowest temperatures, where the conductivity bends up and approaches a linear temp- 

erature dependence. 

having higher thermal conductivity at lower temperature. 

The conductivity still follows a Ta law except at the 

The thermal conductivity curves cross; the lower crystallinities 

The temperature of the 
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crossing seems to be related to the lamellar thickness. 

The heat capacity has been measured down to 0.6OK and shows behavior very 

similar to the amorphous polymers. 

measurements are being made. 

C. Nuclear Magnetic Resonance 

These results are being analyzed and velocity 

The narrow resonance line in polymethyl methacrylate and polyvinyl acetate 

below 4OK which was previously reported is probably due to the tunneling of the 

CH3 group through the potential barrier of the well rather than a free rotation. 

Spin lattice relaxation time T measurements yield T1Tf-3/2 = constant. 

work is centered about detecting cross linking in copolymers of polyvinyl alcohol 

and polyvinyl acetate. 

This work is being pursued with Dr. P.A. Casabella and a preliminary report was 

given at the meeting of the American Physical Society held in New York in November. 

Present 1 
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These samples were prepared by Dr. Sternstein's group. 
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LOW TEMPERATURE PHYSICS 

1 

Senior Investigator: G.L. Salinger, Ph.D. 
Assistant Professor of Physics 

Research Staff: Br. A. David Detje, B.S. 
Graduate Assistant 
D.S. Woo, Ph.D. 
Graduate Assistant 

Papers based on the studies of ultrasonic attenuation in superconducting 

and normal lead, mercury, and thallium are in the final stages of preparation. 

No new work in this area has been done or is being planned. 

In the thesis of D.S. Woo the migration of defects produced in 99.999% lead 

60 by CO 

to be learned. 

exists rather than the random walk model heretofor assumed. Thus longer time 

7-rays have been detected with the ultrasonic technique. Much more remains 

The analysis of the data shows that a stress-assisted diffusion 

isothermal anneals are necessary near liquid nitrogen temperature in order to deter- 
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mine the activation energies and frequency factors for diffusion of interstitials. 

A model for the annealing which qualitatively explains the interpretive 

experiments has been proposed. Equilibrium must exist between the defects on the 

dislocation line and those next to the dislocation line, and also between the 

defects on the line and those in shallow traps on the dislocation line. In the 

next six months this model will be tested and made more quantitative. 

The six elastic constants in single crystalline mercury are being determined 

near 77OK. The velocity of propagation of longitudinal and transverse 10 MHz 

ultrasonic waves has been measured along the principal directions, yielding five 

elastic constants. The sixth constant is obtained from measurements along an 

arbitrary angle which could not be controlled in our case. Calculations are being 

performed to obtain a consistent set of elastic constants and compliances. 

Since Dr. Shaw has left the Institute, the research will change direction. 

In the future the Messbauer effect will be used to study dilute magnetic impurities 

in metals at low temperatures. This work will be directed by Dr. Martin P, Maley. 

D IFFUS ION FAC ILITY 

Senior Investigator: H.M. Gilder, Ph.D. 
Assistant Professor of Physics 

Research Staff: M. Mirabile, B.S. 
Graduate Assistant 
T. Rigert, B.S. 
Graduate Assistant 

We are presently making aluminurnzinc alloys in concentrations from zero to 

about 20 atomic per cent zinc. 

and obtain information on the diffusion coefficients by a radiotracer-lathe section- 

We will then diffuse A126 and Zn65 in the alloys, 

ing technique. 

on impurity and self-diffusion in aluminum-silver alloys, in which the impurity has 

Inasmuch as there has recently been some very interesting work* done 

* Th. Heumann and H. Bb'hmer - to be published 
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TECHNICAL PAPERS SUBMITTED FOR PUBLICATION 

Lawless, W.N. 
"Ferroelectricity and Antiferroelectricity in BaTi03" 

Published in Journal of the Physical Society of Japan, Vol. 23, 
NO. 2, P. 325-331, August, 1967 

Salinger, G.L., Chiang, Y.C., Choy, C.L. 
"Thermal Conductivity and Specific Heat of Amorphous Polymers Between 
0.4 and 4OK" 

For inclusion in the Transactions of the Symposium on "Molecular 
Dynamics and Solid State Structure" sponsored by National Bureau 
of Standards in Gaithersburg, Md., Oct 16-19 

Hansen, David, Watkins, Nancy C. 
"Morphology of Melt Crystallized Polyethyleneterephthalate" 

Submitted to Textile Research Journal 

Hansen, David, Kline, Donald E .  
"Thermal Conductivity of Polymers" 

Published as chapter six of a volume on Polymer Thermal Properties 

Katz, S., Schock, Robert N. 
t "Electrical Conductivity of AgI to 100 kbar" 

Published in Journal of Chemical Physics 

Billmeyer, Fred W. Jr., Ghosh, Premamoy 
"Polymerization of Methyl Methacrylate and Other Vinyl Monomers by Low 
Concentration of SO ' I  2 To be published in a Symposium Volume on "Polymerization and Poly- 

condensation Processes," in the ACS Series Advances in Chemistry 

Fate , W.A. 
"Low Temperature Amplitude Independent Longitudinal Ultrasonic Attenuation 
in Normal Lead" 

Submitted to Physical Review 
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